Abstract. The present study aimed to ascertain the potential roles and mechanisms of action of micro (mi)rna-22 in ischemic stroke. The results indicated that mirna-22 expression was downregulated in ischemic stroke rats model, compared with a control group. The downregulation of miRNA-22 upregulated the expression of inflammatory factors [including tumor necrosis factor-α, interleukin (il)-1β, il-6 and il-18]. it could also induce the expression of macrophage inflammatory protein (MiP-2), prostaglandin e2 (PGe2), cyclooxygenase-2 (coX-2) and inducible no synthase (inoS) in the in vitro model. By contrast, the overexpression of mirna-22 downregulated the expression of inflammatory factors, and suppressed the expression of MiP-2, PGe2, coX-2 and inoS in the in vitro model. The downregulation of mirna-22 induced the protein expression of nuclear factor (nF)-κB and phosphorylated-p38 (p-p38) mitogen-activated protein kinase (MaPK) in the in vitro model. By comparison, the overexpression of mirna-22 suppressed the protein expression of nF-κB and p-p38 in the in vitro model. Typically, lY2228820, the p38 inhibitor (3 nM) would mitigate the pro-inflammatory effects of anti-miRNA-22 in the in vitro model. These results suggested that mirna-22 can alleviate ischemic stroke-induced inflammation in rats model or vitro model through p38 MaPK/nF-κB pathway suppression.
Introduction
acute ischemic stroke refers to a brain blood circulation disorder, cerebral blood flow reduction, brain tissue ischemia, anoxic necrosis (1) (2) (3) . in recent years, the incidence of acute ischemic stroke has shown a steadily increasing trend (2) and it has become a major disease and threat to human health with high incidence, disability rate and fatality rate (3) .
ischemic stroke is the second major factor leading to mortality and disability in patients. Specifically, 20-50% patients will succumb or suffer from despite receiving treatment within one month following a stroke (4) . With the development of modern medical science, intensive studies on the mechanism of ischemic stroke have been performed at the cellular and molecular levels (5) . in recent years, increasing theoretical and clinical studies have indicated that the genesis and development of the inflammatory reaction involved in ischemic stroke may be used for risk assessment and diagnosis for ischemic stroke at different stages (6) .
The inflammatory response is a physiological reaction to repair damaged brain tissue, so as to protect the central nervous system (7, 8) . Typically, infiltration of a large number of inflammatory factors and cells can be observed within the damaged area (7) . However, overexpression of these factors will induce secondary brain injury, and will further participate in the development of cognitive decline. Studies have shown that cognitive decline in stroke patients may be associated with the inflammatory mechanisms (7, 8) .
There are three types of nitric oxide synthases (noS) in humans; endothelial noS (enoS), neuronal noS (nnoS) and inducible noS (inoS). all can catalyze arginine (arg) to synthesize no (9) . under physiological conditions, no content in the brain tissue is low and mainly catalyzed by nnoS (10, 11) . no is involved in in the signal transduction and synaptic plasticity of the nervous system. However, under pathological conditions, including cerebral infarction, cerebral hemorrhage, brain injury and epilepsy (9), brain tissue generates a large amount of no, which inhibits the activity of neuronal mitochondrial cytochrome oxidase. as a result, the synthesis of aTP is reduced, leading to excessive neuronal depolarization (11) .
Previous studies have suggested that the p38 mitogen-activated protein kinase (MaPK) activity is of vital importance to normal immune and inflammatory reactions (12, 13) . it is involved in in the functional reactions of macrophages and phagocytic neutrophils, including chemotaxis, granule exocytosis, adherence and apoptosis. in addition, it promotes the differentiation and apoptosis of T cells (12) . a previous study indicated that p38 MaPK is involved in in the early
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HuiXiao donG 1* , BenlianG cui 2* and XiuZHen Hao identification of cells, while blocking the p38 MAPK signaling pathway can inhibit the inflammatory response (13) . In addition, a previous study has also suggested that inflammation serves a crucial role in cardiovascular and cerebrovascular diseases, particularly in the pathological and physiological evolution process of cerebral ischemia (14) . a previous study also confirmed that p38 MAPK is involved in the inflammatory response of ciBi, which was supported by the observation that p38 MaPK protein expression is upregulated in macrophages at the core area of cerebral ischemia (13) . Micro(mi)rnas exist in the genome in multiple forms, including single copy, multicopy or gene clusters (15) , and a majority of them locate in the intergenic region. mirna transcription is independent of other genes (15) . of note, mirna is not translated into protein; instead, it serves multiple regulatory roles during the metabolic processes in vivo. mirna allows for fine control over the time-sequence expression of genes (16) . it serves a key regulatory role in the development and maturation of the central nervous system in addition to multiple neurophysiological processes (16) . in addition, it is suggested in a recent study that there are differentially expressed mirnas in the peripheral plasma in patients with acute ischemic stroke within 24 h of onset (17) . These differentially expressed mirnas may be associated with ischemia-hypoxia stress, blood brain barrier disruption and early reperfusion injury during early ischemic stroke (17) . alternatively, they may serve as novel therapeutic guidelines and targets for the intervention in early ischemic stroke. Jovicic et al (18) demonstrated that the overexpression of mirna-22 had neuroprotective effects. The present study investigated the possible roles and mechanisms of action of mirna-22 in ischemic stroke.
Materials and methods
Animal grouping and drug administration. animal care and the general protocols for animal use were approved by the institutional animal care and use committee of Shandong Jining no.1 People's Hospital. adult male Sprague-dawley (Sd) rats (n=16; 220-240 g, 8-10 week) were purchased form animal experiment center of Shandong university (Shandong, china) and kept at 22-24˚C, 45-55% relative humidity, and in a 12 h light/dark cycle, with free access to water and food. all Sd rats were randomly assigned to a sham group (n=6) and a stroke model group (n=10). Prior to experimental surgery, the rats were fasted and then anaesthetized with 35 mg/kg pentobarbital sodium (intraperitoneal). rats were placed in the supine position and then hair was removed at the neck. The external carotid artery, right common carotid artery, internal carotid artery and the pterygopalatine artery were separated and exposed at the inner edge of sternocleidomastoid. Then, the external carotid and the pterygopalatine arteries were ligated at 1 cm distal and the right common carotid artery was occluded with aneurysm clips. a small incision was made in external carotid artery from ligation at the proximal end and the external carotid artery was pulled at proximal end with the internal carotid artery. a nylon filament silicone resin-coated tip (220 µm x 4 mm) was inserted into the internal carotid artery and the filament was removed after 2 h for the induction of ischemia. The artery was ligated and the wound sutured and sterilized.
Total RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total rna from the brain samples or cell samples was extracted using Trizol reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Then, 1 µg RNA was reverse transcribed using a commercial cDNA synthesis kit (Fermentas; Thermo Fisher Scientific, Inc.) at 42˚C for 1 h and 85˚C for 5 min. RTqPCR was performed in an aBi Prism 7500 system (applied Biosystems; Thermo Fisher Scientific, Inc.) using SYBR Premix Ex Taq II (Thermo Fisher Scientific, Inc.). qPCR was as follows: 50˚C for 10 min, 95˚C for 10 min, and 40 cycles of 95˚C for 30 sec, 60˚C for 30 sec, and 72˚C for 30 sec. The primers sequences were: miR-22 forward, 5'-TGcGcaGTTcTTcaGTGGcaaG-3' and reverse, 5'-cca GTG caG GGT ccG aGG TaT T-3'; u6 forward, 5'-cGc TTc GGc aGc aca TaT ac-3' and reverse, 5'-aaa TaT GGa acG cTT cac Ga-3'. The relative expression of mirna-22 was calculated based on the 2 -ΔΔcq method (19) .
Gene microarray hybridization. Total mrna was hybridized into the SurePrint G3 Mouse Whole Genome Ge 8x60 K Microarray G4852a platform (agilent Technologies, inc., Santa clara, ca, uSa). images were quantified and feature-extracted using agilent Feature extraction Software (version a.10.7.3.1; agilent Technologies, inc.).
ELISA. all rats were anaesthetized with 35 mg/kg pentobarbital sodium, peripheral blood was collected and then centrifuged at 1,000 g x 10 min at 4˚C to obtain serum. Serum was incubated with tumor necrosis factor (TnF)-α, interleukin (il)-1β, il-6, il-18, MiP-2, PGe2 (all elabscience Biotechnology co. ltd., Wuhan, china), caspase-3 (c1115, Beyotime institute of Biotechnology, nanjing china) and caspase-9 (c1158, Beyotime institute of Biotechnology) commercial eliSa kits.
Histological examination. The hippocampus was fixed with 4% paraformaldehyde for 24 h at room temperature. Tissue samples were paraffinembedded and sectioned at 5 µm. Tissue samples were stained with hematoxylin and eosin for 15 min at room temperature and examined a Zeiss axioplan 2 (carl Zeiss AG, Oberkochen, Germany; magnification, x50).
Cell culture and transfection. Pc12 cells (a rat pheochromocytoma cell line) were acquired from Shanghai cell bank (chinese academy of sciences) and cultured in dulbecco's modified eagle's medium (dMeM, Gibco; Thermo Fisher Scientific, inc.) and 10% heat-inactivated fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C with 5% co 2 . mirna-22, anti-mirna-22 and negative mimic were purchased from Sangon Biotech co., ltd. (Shanghai, china). 100 ng of mirna-22 (forward 5'-cTc aac TGG TGT cGT GGa GTc GG-3' and reverse 5'-caa TTc aGT TGa Gac aGT TcT-3'), 100 ng of anti-mirna-22 (5'-acc TGG cTG aGc cGc aGT aG-3' and 5'-ccc TcT Gcc ccT GGc-3'), and 100 ng of negative mimics (forward 5'-uuc ucc Gaa cGu Guc acG uTT-3' and reverse 5'-acG uGa cac Guu cGG aGa aTT-3') were transfected into cells with lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, inc.) according to the manufacturer's protocol. Following transfection for 24, 48 and 72 h, the cells were induced into an oxygen glucose deprivation (oGd) model (20) , and cultured in neurobasal medium without glucose in a humidified incubator filled with an anoxic gas mixture (5% CO 2 and 93.5% n 2 ) at 37˚C for 2 h. Following transfection for 24 h, the cells were treated with p38 inhibitor (lY2228820; 3 nM; Medchemexpress llc, Shanghai, china) for 24 h and were induced for the oGd model.
Luciferase reporter assay.
The amplified Pcr products of p38 MaPK (5'-Taa caa aaT GGc TGa aaT Ga-3' and 5'-TGa aaa TTc cTT aaa Gac Ga-3'), the predicted mirna-22 targeting regions (www.targetscan.org), were inserted into the pMir-rePorT plasmid (ambion; Thermo Fisher Scientific, Inc.). Then, 100 ng of p38 MAPK plasmid and anti-mirna-22 or negative mimics were transfected into Pc12 cells using lipofectamine ® 2000 according to the manufacturer's protocol. cells were the assayed using a luciferase assay kit (Promega corporation, Madison, Wi, uSa) at 24 h after transfection according to the manufacturer's protocols. The method of normalization was Renilla luciferase activity.
Western blot analysis. Following treatment with mirna-22, the rats were anaesthetized with chloral hydrate (400 mg/kg) and brains of all groups were rapidly removed from the skull, washed in ice-cold saline and stored at -80˚C. Brain tissue was homogenized using riPa buffer (Beyotime institute of Biotechnology) and centrifuged at 10,000 x g for 10 min at 4˚C. The protein concentration was measured using the bicinchoninic acid method, and 50 µg protein was electrophoresed with 8-10% Tris-glycine SdS-PaGe. Then, the protein was transcribed onto a polyvinylidene fluoride membrane (EMD Millipore, Billerica, Ma, uSa) and blocked with 5% skimmed milk in tris-buffered saline containing 0.1% Tween-20 at 37˚C for 1 h. The membrane was incubated with anti-coX-2 (cat. no. 12282, 1:1,000; cell Signaling Technology, inc., danvers, Ma, uSa), anti-inoS (cat. no. 13120, 1:2,000; cell Signaling Technology, inc.), anti-nF-κB (cat. no. 8242, 1:1,000; cell Signaling Technology, inc.), anti-phosphorylated-(p)-p38 (cat. no. 4511, 1:2,000; cell Signaling Technology, inc.) and anti-GadPH (cat. no. 5174, 1:5,000, cell Signaling Technology, Inc.), which were incubated overnight at 4˚C. The membrane was incubated with horseradish peroxidase-conjugated anti-mouse secondary antibody igG (cat. no. 7074, 1:5,000, Cell Signaling Technology, Inc.) at 37˚C for 1 h and then developed by enhanced chemiluminescence (Pierce; Thermo Fisher Scientific, Inc.). Protein expression was calculated using Bio-rad image lab version 3.0 software (Bio-rad laboratories, inc., Hercules, ca, uSa).
Immunofluorescence analysis. cells were washed with PBS and fixed with 4% paraformaldehyde for 15 min at room temperature. Then they were incubated with 0.25% TrisX100 and 5% BSa in PBS for 1 h at room temperature and then incubated with p-p38 (cat. no. 4511, 1:100; cell Signaling Technology, Inc.) at 4˚C overnight. Cells were stained with donkey anti-rabbit igG-cFl 555 (sc-362271; 1:100; Santa cruz Biotechnology, inc., dallas, TX, uSa) and stained with daPi assay (Beyotime institute of Biotechnology) for 15 min in the dark. cells were washed with PBST for 15 min and selected at room temperature using a Zeiss axioplan 2 (carl Zeiss aG).
Statistical analysis. all data were expressed as the mean ± standard error of mean (repeats=3). differences in the parameters were analyzed using one-way analysis of variance followed by Tukey's post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

miRNA-22 expression in ischemic stroke rats.
It was identified that the neurological score was increased in stroke rats treated with mirna-22 acetate compared with the control group (Fig. 1a) . next, the changes of mirna-22 expression were measured using microarray and qPcr. The results indicated ## P<0.01 vs. normal rat group. Magnification, x50. Normal, control normal rat group; ischemic stroke, ischemic stroke rat group; mirna, microrna.
that mirna-22 expression was downregulated in ischemic stroke rats, compared with the control group (Fig. 1B and c) .
Downregulation of miRNA-22 upregulates the inflammatory factors in vitro.
To examine the function of mirna-22 in the ischemic stroke model in vitro, anti-mirna-22 mimics were used, which downregulated mirna-22 expression in the ischemic stroke model compared with the control group (Fig. 2a) . in addition, downregulation of mirna-22 increased the expression of TnF-α, il-1β, il-6, il-18, MiP-2 and PGe2 in the ischemic stroke model in vitro, compared with the control group (Fig. 2B) .
Overexpression of miRNA-22 reduces inflammatory factor expression in vitro. mirna-22 expression in the in vitro ischemic stroke model was successfully upregulated using mirna-22 mimics, compared with control negative group (Fig. 3a) . The overexpression of mirna-22 decreased the expression levels of TnF-α, il-1β, il-6, il-18, MiP-2 and PGe2 in the ischemic stroke model in vitro, compared with the control group (Fig. 3B) .
miRNA-22 regulates the p38 MAPK/NF-κB pathways in the in vitro ischemic stroke model.
To investigate the mechanism of action of mirna-22 against stroke, the potential mirna-22 binding sites in the 3'-untranslated region (3'-uTr) of p38 MAPK were identified (Fig. 4A ) and a luciferase reporter assay was performed. co-transfection of Pc12 cells with anti-mir-122 and the wild-type p38/MaPK 3-uTr sequence resulted in an increase in luciferase activity when compared with the mutant 3'-uTr sequence, indicating that mir-122 may target p38 MaPK and regulate its expression (Fig. 4B) . Results of immunofluorescence demonstrated that the downregulation of mirna-22 could induce the protein expression of p-p38 MaPK in the model in vitro, compared with the control group (Fig. 4c) . additionally, the downregulation of mirna-22 upregulated the protein expression of p-p38, nF-κB, coX-2 and inoS in the in vitro model, compared with the control group (Fig. 4d) . By comparison, overexpression of mirna-22 suppressed the protein expression of p-p38, nF-κB, coX-2 and inoS in model in vitro, compared with the control group (Fig. 5). p38 inhibitor reduces the pro-inflammatory effects of anti-miRNA-22 in the in vitro ischemic stroke model. To further investigate the role of p38 in the pro-inflammatory effects of anti-mirna-22 on stroke, p38 inhibitor (lY2228820; 3 nM ) was used in the in vitro ischemic stroke model by anti-mirna-22. as shown in Fig. 6, p38 inhibitor suppressed the protein expression of p-p38, nF-κB, coX-2 and inoS in vitro by anti-mirna-22, compared with the anti-mirna-22 group. Furthermore, p38 inhibitor also reduced the pro-inflammatory effects of anti-miRNA-22 on the levels of TnF-α, il-1β, il-6, il-18, MiP-2 and PGe2 in model in vitro, compared with the anti-mirna-22 only group (Fig. 7) .
Discussion
Stroke is one of the commonest frequently-occurring diseases at present, with high mortality and disability rate. Fortunately, the survival rate of patients has been improved with the development of medical technology (20) . However, the disability rate has also increased accordingly. cognitive dysfunction often follows a stoke, and a clinical report has suggested it occurs in 50-75% of patients (4) . The present study first examined how mirna-22 expression is downregulated in ischemic stroke rats, compared with a control group. Jovicic et al (18) demonstrated that mirna-22 overexpression exhibited a neuroprotective effect in a rat and a cell model, this served a basis for the present study.
Following a stroke, inflammatory cells, including CNS astrocytes, microglial cells, peripheral neutrophil and T cells, are activated (21) . The activation and infiltration of these inflammatory cells can further induce the release of inflammatory cytokines and chemokines, including il-1β, TnF-α, MiP-1 and monocyte chemoattractant protein (22, 23) . a clinical study indicated that inflammatory reaction is closely associated with brain injury and functional recovery in patients with ischemic stroke (24) . consequently, the key links and concrete mechanism of post-stroke inflammatory reaction is essential for the treatment and prognosis of strokes (23) . in the current study, it was demonstrated that mirna-22 reduced TnF-α, il-1β, il-6 and il-18 expression, and inhibited MiP-2 and PGe2 expression in the stroke model. Yang et al (23) suggested that mirna-22 served an important cardioprotective role, and could partly reduce cell apoptosis and inflammatory damage in myocardial ischemia/reperfusion injury. These results were consistent with those of the present study, which demonstrated that mirna-22 reduced inflammation in stroke.
coX-2, a rate-limiting enzyme that can transform arachidonic acid to prostaglandin (9) , is an important mediator in the stroke-induced inflammation cascade reaction: PGe2, an efficient pro-inflammatory mediator, together with other inflammatory mediators, are generated (25) . Subsequently, microglial cells can be activated to form an inflammatory positive feedback loop (26) . inoS is another reactive enzyme in inflammation, the expression of which is associated with neuron damage. it can consistently catalyze a large amount of nitric oxide with potential neurotoxicity (26) . These finding suggests that mirna-22 can suppress the protein expression of coX-2 and inoS in stroke. Furthermore, Fan et al (27) revealed that mirna-22 could downregulate the mrna expression of MMP-3, inoS and cox-2 in a rheumatoid arthritis rat model, which is consistent with the results of the present study, which demonstrated that mirna-22 inhibited coX-2 and inoS in stroke. ## P<0.01 vs. control negative group. mirna-22, microrna-22; anti-22, downregulation of mirna-22 group; MaPK, mitogen-activated protein kinase; nF, nuclear factor; p-, phosphorylated; coX, cyclooxygenase; inoS, inducible no synthase. Figure 6 . p38 inhibitor reduces the proinflammatory effects of Anti-22 in model in vitro. p-p38, nF-κB, coX-2 and inoS protein expression was determined by western blotting and statistically analyzed. ## P<0.01 vs. control negative group, ** P<0.01 vs. downregulation of mirna-22 group. anti-22, downregulation of mirna-22 group; anti-22+p38 i, downregulation of mirna-22 and p38 inhibitor group; p-, phosphorylated; nF, nuclear factor; coX, cyclooxygenase; inoS, inducible no synthase. Figure 5 . overexpression of mirna-22 regulates p38 MaPK/nF-κB signaling in the in vitro stroke model. p-p38, nF-κB, coX-2 and inoS protein expression was determined by western blotting and statistically analyzed. ## P<0.01 vs. control negative group. control, control negative group; mirna-22, overexpression of microrna-22 group; MaPK, mitogen-activated protein kinase; nF, nuclear factor; p-, phosphorylated; coX, cyclooxygenase; inoS, inducible no synthase. a previous study have suggested that the p38 MaPK pathway can activate nF-κB cell apoptosis. Typically, the p38 MaPK pathway serves an essential role not only in cell apoptosis, but also in a variety of pathological processes, including inflammation, cell stress, cell cycle and growth (28) . in addition, the p38 MaPK pathway can be activated by a variety of physical, chemical and inflammatory factors, stress stimulation and gram-positive bacterial cell wall components. Additionally, it has been identified as serving an important role in inflammation and stress reaction (29) . On the other hand, the pathway can be activated by cerebral ischemia/reperfusion, as identified in certain studies (13, 25) . The influence of the central nervous system following activation mainly presents negative regulation, which is achieved through mediating a variety of inflammatory and pathogenic factors. This will cause damage to the plasticity of hippocampal synapses (30). A number of studies have confirmed that the inflammatory factors TNF-α and il-1β, are associated with the central nervous system (13, 30) . in the meantime, ischemia exerts essential effects on tissue damage, rehabilitation and immune reaction process (18) . These inflammatory factors exhibit toxic effects on neurons and can cause neuron apoptosis and necrosis, promote neuron damage, directly damage the plasticity of hippocampal synapses and lead to long-term potentiation decay (31) . Furthermore, the present study demonstrated that mirna-22 suppressed the protein expression of p-p38 and nF-κB in a stroke model. liang et al (32) suggested that mirna-22 impairs the antitumor ability of dendritic cells by targeting p38. The present study only identified the function of p38 in adjusting inflammation, however, the effects of p38 could also regulate cell apoptosis, which requires further study.
in conclusion, the present study demonstrated that miRNA-22 alleviated ischemic stroke-induced inflammation in rats and thus inhibited the expression of MiP-2, PGe2, coX-2 and inoS by inhibiting the p38 MaPK/nF-κB pathways (Fig. 8) . These results are beneficial for the development of mirna-22 as a therapy for the prevention and treatment of ischemic stroke, based on its anti-inflammatory effects. 
